1. Introduction {#sec1}
===============

Atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP) are endocrine hormones that are released from the heart in response to increases in cardiac wall stress and other local factors [@bib1], [@bib2], [@bib3]. NPs were first discovered when it was shown that extracts of rat myocardial homogenates were able to lower blood pressure and greatly promote salt and water excretions and urine production [@bib4]. In addition to the vasodepressor, diuretic, and natriuretic effects of NPs, they also play an important role in energy balance [@bib5]. Of particular interest is the role of NPs in adipocyte metabolism. For example, NPs are potent lipolytic agents in adipocytes, facilitating the liberation of free fatty acids from triglycerides thereby promoting lipid mobilization [@bib6], [@bib7], [@bib8]. NPs bind to a membrane-bound receptor that possesses guanylyl cyclase activity (Natriuretic Peptide Receptor A, NPRA), generating cyclic GMP (cGMP) that activates protein kinase G (PKG) [@bib1], [@bib3]. This pathway functions in parallel with the more well-known ability of norepinephrine (NE) to activate β-adrenergic receptors (βAR) to increase cAMP and PKA activity. It is now appreciated that the NPs are capable of increasing the thermogenic activity of adipocytes, via increasing intracellular cGMP through NPRA, to function in a parallel manner in adipose tissue [@bib9]. In addition, we have demonstrated that NPs, similar to NE, promote brown adipocyte respiration, thermogenesis, and the 'browning' of white adipose depots through a common p38 MAPK signaling node [@bib9], [@bib10]. Together these pathways drive transcriptional events to increase the density of mitochondria, UCP1 and the metabolic enzymes that are necessary for this energy-intensive process of non-shivering thermogenesis in brown adipocytes [@bib1], [@bib11].

Recently we showed that mTORC1, which is generally recognized as a key hub in the insulin signaling pathway, is activated by βAR increases in PKA activity [@bib12]. PKA directly phosphorylates mTOR and its partner protein Raptor, leading to the subsequent activation of p70 ribosomal S6 kinase (S6K1) [@bib12]. This PKA-mTORC1 signaling pathway is necessary for cold-induced 'browning' of white adipose tissue (WAT). Similar to cold exposure, the ability of the β~3~AR agonist, CL316,243, to induce browning is also blocked by the mTORC1 inhibitor, rapamycin [@bib12], [@bib13]. Given the similarities that exist between β-adrenergic and NP activation of p38 MAPK, we sought to determine whether this pattern extends to the activation of mTORC1. In this study, we find that NPs increase the phosphorylation of the mTORC1 downstream target S6K1 in a rapamycin-sensitive manner that, as in the case of catecholamines, does not involve the canonical Akt pathway. Instead, PKG phosphorylates Raptor on Ser^791^, this site also being phosphorylated by PKA. Given these findings and the ubiquitous expression of mTOR, PKA, and PKG in many cell types, we speculate that our observations in adipose tissue may have broader significance by regulating a variety of cell signaling events in other cell types and organs.

2. Materials and methods {#sec2}
========================

2.1. Reagents and antibodies {#sec2.1}
----------------------------

ANP (1--28) was obtained from AnaSpec Inc. (Fremont, CA, \#AS-20648) and BNP was from ProSpec (East Brunswick, NJ, \#CYT-369-B). 8-Br-cAMP, 8-Br-cGMP, ATP, cGMP, Isoproterenol (ISO), KT5720, and anti-Myc antibody-conjugated beads were from Sigma Aldrich (St. Louis, MO). Rapamycin was from LC Laboratories (Woburn, MA). Purified PKG was from Promega (Madison, WI, cat\#V5171). Polyethylenimine was from Polysciences, Inc. (Warrington, PA). The following antisera were obtained from Cell Signaling Biotechnology (Danvers, MA): p-VASP (S239, \#3114), VASP (\#3132), p-S6K1 (T389, t\#9205), S6K1 (\#9202), p-S6 (T240/244, \#2215), S6 (\#2217), p-Akt (T308, \#9275; S473, \#4060), Akt (\#9272), β-actin (\#4967), p-RRXS/T (\#9624), myc-tag antibody (\#2278). Anti-Rabbit IgG-alkaline phosphatase (Sigma Aldrich, \#A3687) and Clean Blot IP Detection Reagent (AP) (ThermoFisher, Grand Island, NY, \#21233) were used as secondary antibodies. Immortalized mouse brown adipocytes (Bat8) were a gift from Dr. Bruce Spiegelman [@bib14], human multipotent adipose-derived stem cells (hMADS) were a gift from Dr. Ez-Zoubir Amri [@bib15], and HEK 293 cells stably expressing NPRA-GFP (NPRA-HEK) were a gift from Dr. John Burnett [@bib16]. The myc-Raptor plasmid [@bib17] was obtained from Addgene (plasmid \#1859, Cambridge, MA), and construction of the myc-Raptor (S791A) plasmid was described previously [@bib12].

2.2. Cell culture and transfection {#sec2.2}
----------------------------------

Bat8 cells were cultured and differentiated as described [@bib14]. Briefly, cells were grown in DMEM/F12 GlutaMAX™ (ThermoFisher, \#10565018) containing 15% FBS, 2 mM Hepes, and 50 units/ml penicillin and streptomycin. To induce differentiation, the media was replaced with DMEM/F12 GlutaMAX™ containing 10% FBS, 5 μM dexamethasone, 0.5 μg/ml insulin, 0.5 mM isobutylmethylxanthine, 1 μM rosiglitazone, and 1 nM T3. On day 4 of differentiation, the cells were switched to a maintenance media of DMEM/F12 GlutaMAX™ containing 10% FBS with 0.5 μg/ml insulin and 1 nM T3. On day 7, the differentiated Bat8 cells were serum-starved overnight in DMEM/F12 GlutaMAX™ for treatments on day 8. Cells were treated with 100 nM rapamycin 30 min before the additional 60-minute treatment with 10 nM insulin, 1 μM ISO, or 200 μM 8-Br-cAMP.

hMADS cells were maintained in low glucose DMEM (Lonza, \#12--707F), 10% fetal bovine serum, 2 mM [l]{.smallcaps}-glutamine, 10 mM HEPES buffer, 50 units/ml penicillin, and 50 μg/ml streptomycin, supplemented with 2.5 ng/ml human fibroblast growth factor-2. Cell growth and differentiation were performed as described previously [@bib9]. 8-Br-cAMP (200 μM), 8-Br-cGMP (200 μM), and ANP (200 nM) were added to the differentiated cells for 30 min. Where indicated, KT5720 (2.5 μM) and rapamycin (100 nM) was added 30 min in advance of the respective treatments.

NPRA-HEK and HEK 293T cells were cultured in high glucose DMEM (ThermoFisher, \#11995065), 2 mM [l]{.smallcaps}-glutamine, 10% FBS, supplemented with 50 units/ml penicillin and 50 μg/ml streptomycin. The HEK cells were grown in six-well plates and the appropriate myc-Raptor was transiently overexpressed by transfecting 2 μg plasmid using 6 μl of 25 μg/ml polyethylenimine per well. Twenty-four hours later, the cells were stimulated with 200 nM ANP or BNP for 30 min.

2.3. Western blotting {#sec2.3}
---------------------

Cells or tissues were lysed and sonicated in buffer containing 25 mM HEPES (pH 7.4), 150 mM NaCL, 5 mM EDTA, 5 mM EGTA, 5 mM glycerophosphate, 0.9% Triton X-100, 0.1% IGEPAL, 5 mM sodium pyrophosphate, 10% glycerol, plus 1 tablet each of complete protease inhibitor cocktail (Roche) and PhoSTOP phosphatase inhibitors (Roche) per 10 ml of lysis buffer. For immunoprecipitations, the cell lysate was incubated with myc antibody conjugated beads in 800 μg of cell lysate overnight. The beads were washed three times with the lysis buffer for 5 min each. For Western blot analysis, the immunoprecipitate or 50 μg total protein was resolved in 10% Tris--glycine gels, transferred to nitrocellulose membranes, and probed overnight at 4 °C with specific primary antibodies, followed by secondary antibody incubation for 1 h at room temperature. Image acquisition was performed on a Typhoon FLA9000 variable mode imager and analyzed using ImageQuant TL software.

2.4. *In vitro* kinase assay {#sec2.4}
----------------------------

Myc-Raptor protein was produced by transfecting myc-Raptor and myc-Raptor (S791A) plasmids into HEK 293T cells and purified with myc antibody conjugated beads as during immunoprecipitation. Following a wash with the Enzyme Reaction Buffer of 40 mM Tris--HCl and 20 mM magnesium acetate, pH 7.5, the myc-Raptor bound beads were incubated in Enzyme Reaction Buffer with 200 units of PKG, 10 μM cGMP, and 200 μM ATP. The reaction was incubated at 30 °C for 30 min while rotating and western blotting was then performed.

2.5. Animal experiments {#sec2.5}
-----------------------

Male and female C57BL/6J mice were obtained from the Jackson Laboratory. All experiments were conducted in mice at 8--10 weeks of age. To activate PKG through NPRA, 5 mg/kg/day BNP was administered by once daily intraperitoneal injection for one week in the absence or presence of rapamycin 4 mg/kg/day. Rapamycin was prepared as described previously [@bib12]. Mice were euthanized by CO~2~ asphyxiation at the end of the study, and tissues were collected. All mouse experiments were conducted in accordance with federal guidelines and were approved by the Institutional Animal Care and Use Committee of the SBP Medical Discovery Institute at Lake Nona.

2.6. RNA isolation and analysis {#sec2.6}
-------------------------------

Total RNA was extracted from mouse adipose tissues using TRIzol Reagent (ThermoFisher) and purified with the RNeasy Mini Kit (Qiagen, Hilden, Germany). Reverse transcription of 2 μg RNA was performed with the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher). All qPCR assays were run on a Roche LightCycler^®^ 480 II. Gene expression data were collected from 2 replicates of each sample. Data were normalized to *mRplp0* (36B4) and quantitative measurement was obtained using the ΔCT method. The primer sequences are as follow: *Ucp1* forward 5′-GGCCTCTACGACTCAGTCCA-3′, reverse 5′-TAAGCCGGCTGAGATCTTGT-3′; *Ppargc1a* (PGC-1α) forward 5′-CGGAAATCATATCCAACCAG-3′, reverse 5′-TGAGAACCGCTAGCAAGTTTG-3′, and *Rplp0* (36B4) forward 5′-GATGCCCAGGGAAGACAG-3′, reverse 5′-ACAATGAAGCATTTTGGATAATCA-3′.

2.7. Histology {#sec2.7}
--------------

The inguinal white adipose tissue (iWAT) was collected from male mice at the end of the experiment and fixed with 4% paraformaldehyde in PBS overnight, dehydrated, embedded in paraffin, and sectioned at 5 μm thickness. UCP1 immunostaining was performed as previously described by the Sanford Burnham Prebys Medical Discovery Institute at Lake Nona Histology Core [@bib9], [@bib18]. Slides were imaged at 20× with a ScanScope XT (Aperio, Vista, CA) at the histology core.

2.8. Statistics {#sec2.8}
---------------

Results are presented as mean ± SEM. Data were analyzed using 2-tailed Student\'s *t* test. Differences were considered significant at *P* \< 0.05. Prism 7.0 software was used for statistical analyses; *P* values for significance are indicated for each data set.

3. Results {#sec3}
==========

3.1. Natriuretic peptides activate mTORC1 in cultured adipocytes {#sec3.1}
----------------------------------------------------------------

The immortalized mouse brown adipocyte cell line, Bat8, was treated with insulin, ISO, or the membrane-permeable cAMP analogue, 8-Br-cAMP. As shown in [Figure 1](#fig1){ref-type="fig"}A and B, we observed increased phosphorylation of the mTORC1 downstream targets, S6K1 and S6. Rapamycin completely ablated the phosphorylation, reaffirming the role of mTORC1 in this process. We then asked whether cGMP and natriuretic peptides could elicit the same response in human adipocytes. Phosphorylation of the mTORC1 downstream targets S6K1 and S6 were increased by ANP, and the PKA inhibitor KT5720 had no effect, illustrating that natriuretic peptide-PKG activation of these targets occurs independent of PKA ([Figure 1](#fig1){ref-type="fig"}C). [Figure 1](#fig1){ref-type="fig"}D shows that the phosphorylation of S6K1 and S6 by ANP and by 8-Br-cGMP were completely blocked by rapamycin, the mTORC1 inhibitor. Also shown here is that ANP and 8-Br-cGMP increased phosphorylation of vasodilator-stimulated protein (VASP) at Ser^239^. VASP is a substrate for both PKA and PKG, with Ser^239^ being highly selective for PKG [@bib19]. Since PKG is upstream of mTORC1, phosphorylation of VASP is not affected by rapamycin. ([Figure 1](#fig1){ref-type="fig"}D). Finally, [Figure 1](#fig1){ref-type="fig"}D also shows that AKT was not activated in response to either ANP or 8-Br-cGMP, as indicated by the unchanged phosphorylation state of Akt at Thr^308^ and Ser^473^ ([Figure 1](#fig1){ref-type="fig"}D). (Phosphorylation of Akt on Ser^473^ is known to be higher in the presence of rapamycin [@bib20]). Thus, similar to what we have observed for PKA [@bib12], PKG is able to activate mTORC1 in adipocytes *in vitro*.Figure 1**cAMP- and cGMP-dependent kinases activate mTORC1 signaling in adipocytes**. (**A**) mTORC1 activity, measured by phosphorylation of S6K1 and S6, in Bat8 adipocytes, an immortalized mouse brown adipocyte cell line, in response to insulin (Ins) or isoproterenol (ISO) in the absence or presence of rapamycin (RAPA). (**B**) Bat8 adipocytes treated with ISO or 8-Br-cAMP with or without RAPA. (**C**) mTORC1 activity in hMADS, a human immortalized adipocyte cell line, in response to ANP, 8-Br-cAMP, or insulin, in the absence or presence of the PKA inhibitor, KT5720. (**D**) hMADS cells treated with ANP or 8-Br-cGMP in the absence or presence of RAPA. ANP treatment increases phosphorylation of VASP at Ser^239^, an established PKG phosphorylation site.

3.2. Protein kinase G directly phosphorylates Raptor at Ser^791^ {#sec3.2}
----------------------------------------------------------------

We previously showed that PKA directly phosphorylates Raptor at Ser^791^, and this phosphorylation is responsible for mTORC1 activation by βARs and PKA, without any involvement of insulin-Akt signaling [@bib12]. In order to determine whether the ANP- and BNP-evoked activation of mTORC1 is due to direct phosphorylation of Raptor at Ser^791^ by PKG, we employed an *in vitro* kinase assay. As shown in [Figure 2](#fig2){ref-type="fig"}A, for this assay, we produced myc-Raptor proteins by transfecting into HEK-293T cells, plasmids containing either the wild-type sequence or a point mutation in which Ser^791^ was converted to Ala. As illustrated by the cartoon in [Figure 2](#fig2){ref-type="fig"}A, the myc-tagged proteins were immunoprecipitated with anti-myc antibody-conjugated agarose beads and incubated with purified PKG together with cGMP to activate the kinase, with ATP serving as the phosphate donor. The reaction was stopped and western blotting was performed using an antibody directed against the phosphorylated RRXS/T motif, which is the canonical substrate of arginine-directed kinases such as PKA and PKG. There was robust phosphorylation of wild type Raptor, but when Ser^791^ was mutated, phosphorylation was no longer detected ([Figure 2](#fig2){ref-type="fig"}A). Therefore, PKG can directly phosphorylate Raptor at Ser^791^. Following these *in vitro* kinase studies we employed HEK 293 cells that stably express NPRA [@bib16], in which the myc-Raptor (wild type) or myc-Raptor S791A were expressed. Twenty-four hours after transfection, the cells were treated with 200 nM ANP or BNP for 30 min. As shown in [Figure 2](#fig2){ref-type="fig"}B, both NPs resulted in phosphorylation of VASP at Ser^239^, indicating that NP-PKG signaling was increased as expected. The myc-Raptor proteins were immunoprecipitated from the cell lysates as in [Figure 2](#fig2){ref-type="fig"}A, and western blotting revealed that there was a dramatic increase in phosphorylation of the wild type myc-Raptor, which was absent from myc-Raptor S791A ([Figure 2](#fig2){ref-type="fig"}B). As we observed for PKA [@bib12], the residual faint p-RRXS/T band seen in the ANP and BNP treated Raptor S791A immunoprecipitate is a non-specific protein that is recovered with the myc-antibody bead ([Figure 2](#fig2){ref-type="fig"}B right panel). Thus, ANP- and BNP-evoked PKG activity leads to the phosphorylation of Raptor at Ser^791^ in an analogous fashion to PKA.Figure 2**Protein kinase G phosphorylates Raptor at Serine 791**. (**A**) myc-Raptor (wild type) or myc-Raptor in which Ser^791^ of Raptor is mutated to Ala (S791A) were purified and incubated with PKG in an *in vitro* kinase assay. Phosphorylation of Raptor was performed as described in Methods. (**B**) HEK 293 cells stably expressing NPRA-GFP were transfected to express myc-Raptor (wild type) or myc-Raptor (S791A) and treated with ANP or BNP. The residual faint band seen in the ANP and BNP treated Raptor S791A immunoprecipitate is a non-specific protein that is recovered with the myc-antibody beads. Phosphorylation of Raptor was performed as described in [Methods](#sec2){ref-type="sec"}.

3.3. Natriuretic peptides activate mTORC1 *in vivo* {#sec3.3}
---------------------------------------------------

We next assessed whether NPRA-PKG signaling could activate mTORC1 *in vivo*. Mice were administered 5 mg/kg BNP and treated with or without 4 mg/kg rapamycin for 7 days, following which inguinal (iWAT) and gonadal white adipose tissue (gWAT) were collected to examine phosphorylation of mTORC1 downstream targets. In iWAT, NP treatment increased the phosphorylation of S6K1 and S6; both of which were blocked by treatment with the mTORC1 inhibitor, rapamycin ([Figure 3](#fig3){ref-type="fig"}A). In gWAT, BNP did not alter S6K1 or S6 phosphorylation, but basal levels of phosphorylation were eliminated by rapamycin ([Figure 3](#fig3){ref-type="fig"}B). Since NPRC, the natriuretic peptide clearance receptor, is more abundant in gWAT than iWAT ([Figure S1](#appsec1){ref-type="sec"}), dampened ability of NPs to signal through NPRA might have contributed to a lack of clear mTORC1 activation in response to BNP in this depot. We suspect that these basal levels of phosphorylation are due to residual sympathetic nervous system (SNS) activity, perhaps due to the mice being housed at room temperature, a condition in which there is residual sympathetic activation of BAT, instead of thermoneutrality. In this case rapamycin may be inhibiting low level PKA-mTORC1 signaling [@bib12].Figure 3**B-type natriuretic peptide activates mTORC1 in inguinal adipose tissue**. Female mice administered BNP (5 mg/kg/day) with or without RAPA (4 mg/kg/day). Western blots for S6K1 and S6 in (**A**) iWAT or (**B**) gWAT, N = 3 mice per group.

We previously reported that BNP administration increased the expression of brown adipocyte markers, such as UCP1, in iWAT [@bib9]. In another cohort of mice similarly treated with BNP with or without rapamycin, we found that BNP treatment increased *Ucp1* expression in iWAT by about 7-fold, which was blunted by rapamycin ([Figure 4](#fig4){ref-type="fig"}A). Similarly, BNP increased PGC-1α gene (*Ppargc1a*) expression, which was blocked by rapamycin ([Figure 4](#fig4){ref-type="fig"}A). Interestingly, BNP treatment appeared to reduce the size of adipocytes in iWAT and this effect was also blocked by rapamycin (top panel, [Figure 4](#fig4){ref-type="fig"}B). Consistent with the gene expression data, we observed increased immunohistochemical staining of UCP1 in iWAT, in response to BNP and these UCP1 positive cells were largely absent from tissues of mice that were administered rapamycin along with BNP (lower panel, [Figure 4](#fig4){ref-type="fig"}B). These data indicate that PKG is able to activate mTORC1 in adipose tissues *in vivo*, which is necessary for BNP-PKG-evoked browning of iWAT *in vivo*.Figure 4**Rapamycin blocks BNP-evoked increase of inguinal adipose tissue thermogenic gene expression**. Male mice administered B-type natriuretic peptide (BNP; 5 mg/kg/day) with or without the mTORC1 inhibitor rapamycin (RAPA; 4 mg/kg/day). (**A**) Gene expression levels of *Ucp1* and *Ppargc1a* in iWAT. (**B**) H&E staining (top) and UCP1 staining (bottom) of iWAT. Values represent mean ± SEM: \*, P ≤ 0.05; \*\*, P ≤ 0.01. N = 6 (vehicle), 8 (BNP), and 4 (BNP + RAPA). Images shown are representative of those analyzed from 4 mice per treatment group and are of same magnification; see scale bar.

4. Discussion {#sec4}
=============

mTOR is best known as a crucial mediator of growth in response to nutrients and anabolic signals such as insulin and growth factors [@bib21], [@bib22]. Catabolism is the opposite state, in which breakdown of tissue mass provides energy resources. Signaling from the SNS, which regulates the "fight or flight" response, is generally catabolic as it promotes the breakdown of molecules for utilization as an energy source [@bib23]. Given the opposing roles of insulin and SNS signaling in anabolism and catabolism, it would be expected that these two pathways would have opposing effects on mTORC1. Indeed, the sympathetic-cAMP pathway has been shown to disrupt insulin-evoked activation of mTORC1 in adipocytes [@bib24], [@bib25]. However, we recently discovered that the βAR-cAMP-PKA pathway itself can lead to mTORC1 activation and is necessary for the induction of adipose tissue browning and iBAT development [@bib12]. Therefore, mTORC1 appears to have an important role in the catabolic process of adipose tissue browning and the dissipation of chemical energy by thermogenesis.

Targeting of G-protein-coupled receptors, such as the βARs by the sympathetic nervous system, to increase cAMP and PKA activity is a well-established mechanism to promote increases in brown adipose tissue thermogenic activity and the appearance of thermogenically active UCP1-positive, mitochondria-rich adipocytes in white adipose depots, referred to as 'browning' [@bib26]. However, more recently it is appreciated that cGMP-regulated pathways have similar effects in adipose tissue (reviewed in [@bib27], [@bib28]). We previously showed that ANP and BNP, which increase intracellular cGMP and PKG activity through their membrane-bound guanylyl cyclase-coupled receptor NPRA, comprise a signaling pathway in adipocytes that parallels that of the SNS and βARs [@bib1], [@bib29]. Given that the cyclic nucleotides cAMP and cGMP lead to PKA and PKG phosphorylation of closely conserved amino acid motifs [@bib30], we asked whether mTORC1 was also essential for cGMP-PKG evoked induction of thermogenic adipocytes. Indeed, the present studies demonstrate that activation of mTORC1 is essential for NP-cGMP stimulation of thermogenic markers in adipocytes. We induced browning *in vivo* by a short-term BNP treatment in mice, which reduced adipocyte cell size and increased thermogenic gene expression ([Figure 4](#fig4){ref-type="fig"}). Both the reduction in adipocyte size and induction of thermogenic genes was blocked when the mice were co-treated with the mTORC1 inhibitor, rapamycin. These results confirm two of our prior observations: first, NP\'s promote adipose tissue browning [@bib9], [@bib18], and second, mTORC1 activation is important for this adipose tissue browning [@bib12]. The present studies link together these two previously disparate observations, demonstrating that mTORC1 activation is also a necessary component for NP-evoked adipose tissue browning.

Several studies have suggested that cGMP produced by soluble guanylyl cyclases (sGCs), which are activated by nitric oxide (NO) may also play a role in adipose browning [@bib31], [@bib32], [@bib33], [@bib34], [@bib35]. A few studies have also linked sGCs to mTOR signaling; however, the underlying signaling mechanism is not so clear. For example, NO-dependent cGMP has been noted to activate mTOR in human and rat vascular smooth muscle cells [@bib36] and in primary human small airway epithelial cells [@bib37]. However, in both of these models, AKT was also activated in response to increasing cGMP [@bib36], [@bib37]. This is in stark contrast to what we have shown in adipocytes. Whether the stimulus is natriuretic peptide-dependent PKG activity, as in our present studies, or our earlier studies with PKA [@bib12], Akt is clearly not involved. In a few cases in which an NO/cGMP activation of mTOR has been invoked, such as in melanoma cells [@bib38], it was proposed to be independent of guanylyl cyclase; instead by nitrosylating and inactivating tuberous sclerosis complex (TSC), which is a component of the canonical signaling cascade for mTOR activation downstream of Akt [@bib39]. The present studies are the first, to our knowledge, to demonstrate that activation of membrane-bound guanylyl cyclases leads to the activation of mTOR. All together, these studies demonstrate that mTORC1 is an important effector of PKG signaling, not only in adipocytes, but apparently in many cell types. Clearly there is more work to be done to fully understand what role the sGCs play in the adipocyte, and the signaling pathways involved.

5. Conclusion {#sec5}
=============

Our studies demonstrate that there is a signaling cascade linking cGMP to mTORC1 activation and that this activation of mTORC1 is necessary for NP-induced browning of adipocytes. This was previously unexpected given the catabolic nature of thermogenic adipocytes and the key role mTORC1 plays in anabolic signaling. However, after we demonstrated that PKA directly activates mTOR and Raptor [@bib12], a similar role for PKG appeared likely. These studies further demonstrate the importance of mTORC1 in the browning process, implicating it in both PKA- and PKG-mediated pathways. These results also have broader significance, as mTORC1 may likely be an important signaling component to other PKG-dependent pathways.
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